Dynamics of pseudoscalar mesons (π, η, K and K ) and hyperons (Λ and Σ) produced in heavyion collisions near threshold energies has been investigated within the Lanzhou quantum molecular dynamics (LQMD) transport model. The in-medium modifications on particle production in dense nuclear matter are implemented in the model through corrections on the elementary cross sections and by inclusion of the meson (hyperon)-nucleon potentials, in which the isospin effects are considered. It is found that the transportation of particles are influenced with the in-medium corrections. The total number of pions is reduced with an isospin, density and momentum dependent pionnucleon potential. However, the ratios of charged pions is enhanced with inclusion of the potential. The production of eta in the domain of mid-rapidities and high momenta is sensitive to the η-nucleon potential, but weakly depends on symmetry energy. The attractive antikaon-nucleon potential enhances the subthreshold K production and also influences the structure of phase-space distributions. Dynamics of etas, kaons, antikaons and hyperons is also influenced by the pion potential because of collisions between pions and nucleons (resonances). The impacts of mean-field potentials on particle dynamics are investigated, such as the phase-space distributions from rapidity and transverse momentum spectra, inclusive invariant spectra, collective flows etc. PACS number(s): 21.65. Ef, 21.65.Jk, 24.10.Jv 
Properties of hadrons in nuclear medium is interest in studying the Quantum Chromodynamics (QCD) structure in dense matter, in particular related to the chiral symmetry restoration, phase-transition from quark-glue plasma to hadrons, dynamics of hypernucleus formation, nuclear equation of state (EoS) etc [1] [2] [3] . High energy heavy-ion collisions in terrestrial laboratory provide a unique possibility to study the in-medium properties of hadrons in dense nuclear matter and to extract the highdensity behavior of the nuclear symmetry energy (isospin asymmetric part of EoS). It has obtained progress in extracting the in-medium properties of hadrons in dense nuclear matter, in particular for strange particles K, K, Λ and Σ [4] [5] [6] [7] [8] .
Dynamics of particles produced in heavy-ion collisions near threshold energies is a complicated process, in which the production and transportation in dense nuclear medium would be different in comparison to the in-vacuum cases. Density and momentum dependent potentials have to be implemented in correctly understanding the phase-space distributions of particles. Furthermore, dynamics of isospin particles could be modified by the mean-field potentials in constraining the high-density information of symmetry energy. Besides nucleonic observables [9] , particles produced in heavy-ion collisions would be preferable probes for extracting the information of high-density phase diagram. Kaons as probing the high-density EoS were proposed for the first time [10] . The available experimental data from KaoS collaboration for K + production favored a soft EoS at high baryon densities associated with transport model calculations [11] [12] [13] [14] [15] . Similar structure for Λ production on the EoS was found in Ref. [15] . The ratios of isospin particles produced in heavy-ion collisions such as π − /π + , K 0 /K + , Σ − /Σ + etc [16] [17] [18] [19] [20] [21] , neutral particles such hard photons, η etc [22] , and the flow difference of isospin particles [23, 24] have been proposed as sensitive probes for extracting the high-density behavior of the nuclear symmetry energy (isospin asymmetric part of EoS). Although different interpretations on the π − /π + ratios are concluded in constraining the high-density symmetry energy with transport models [25] [26] [27] in combination with the experimental data from the FOPI collaboration [28] . Interplay of the mean-field potentials and corrections on threshold energies associated with production cross sections of particles impacts the constraining of stiffness of symmetry energy. The in-medium effects on pions and ∆(1232) dynamics in heavy-ion collisions have been studied in Refs [29, 30] for threshold energy corrections and in Refs [21, [31] [32] [33] for the pion optical potential.
In this work, the dynamics of pseudoscalar mesons and hyperons with s=-1 in heavy-ion collisions and the inmedium properties of particles in dense nuclear matter are to be investigated with the Lanzhou quantum molecular dynamics (LQMD) transport model. The highdensity behavior of nuclear symmetry energy from isospin particles and eta production will be explored. The article is organized as follows. In section II we give a brief description of the recent version of the LQMD model. The in-medium properties and isospin effects on particle dynamics are discussed in section III. Summary and perspective on the mechanism of particle production near threshold energies are presented in section IV.
II. MODEL DESCRIPTION
In the LQMD model, the dynamics of the resonances (∆(1232), N*(1440), N*(1535), etc), hyperons (Λ, Σ, Ξ, Ω) and mesons (π, η, K, K, ρ, ω) is described via hadronhadron collisions, decays of resonances, mean-field potentials, and corrections on threshold energies of elementary cross sections [21, 34] . Besides the hadron-hadron collisions, we have further included the annihilation channels, charge-exchange reaction, elastic and inelastic collisions in antinucleon-nucleon collisions for understanding antiproton induced reactions [35] .
The temporal evolutions of the baryons (nucleons and resonances) and mesons in the reaction system under the self-consistently generated mean-field are governed by Hamilton's equations of motion, which read aṡ
The Hamiltonian of baryons consists of the relativistic energy, the effective interaction potential and the momentum dependent part as follows:
Here the p i and m i represent the momentum and the mass of the baryons. The effective interaction potential is composed of the Coulomb interaction and the local interaction potential
The Coulomb interaction potential is written as
where the e j is the charged number including protons and charged resonances. The r ij = |r i − r j | is the relative distance of two charged particles, and the L being the square of the Gaussian wave-packet width. The local interaction potential is derived from the Skyrme energy-density functional as the form of U loc = V loc (ρ(r))dr. The energy-density functional reads
where the ρ n , ρ p and ρ = ρ n + ρ p are the neutron, proton and total densities, respectively, and the δ = (ρ n − ρ p )/(ρ n + ρ p ) being the isospin asymmetry. The coefficients α, β, γ, g sur , g iso sur and ρ 0 are set to be the values of -215.7 MeV, 142. 
) and the isospin symbols τ (τ ′ ) represent proton or neutron. The parameters C mom and ǫ was determined by fitting the real part of optical potential as a function of incident energy from the proton-nucleus elastic scattering data. In the calculation, we take the values of 1.76 MeV, 500 c 2 /GeV 2 for the C mom and ǫ, respectively, which result in the effective mass m * /m=0.75 in nuclear medium at saturation density for symmetric nuclear matter. The parameter x as the strength of the isospin splitting with the value of -0.65 is taken in this work, which has the mass splitting of m * n > m * p in nuclear medium. A compression modulus of K=230 MeV for isospin symmetric nuclear matter is concluded in the LQMD model. The symmetry energy is composed of three parts, namely the kinetic energy of free Fermi gas, the local density-dependent interaction and the momentumdependent potential as
The local part is adjusted to mimic predictions of the symmetry energy calculated by microscopical or phenomenological many-body theories and has two-type forms as follows:
and
The parameters C sym , a sym and b sym are taken as the values of 52. [36] .
The hyperon mean-field potential is constructed on the basis of the light-quark counting rule. The self-energies of hyperons are assumed to be two thirds of that experienced by nucleons. Thus, the in-medium dispersion relation reads
with Σ
, which leads to the optical potential at the saturation density being the value of -32 MeV. The antinucleon-nucleon potential is similar to hyperons, A factor ξ is introduced to mimic the antiproton-nucleus scattering [37] and the real part of phenomenological antinucleon-nucleon optical potential [38] as Σ 
Here the Coulomb interaction is given by
where the N M and N B are the total numbers of mesons and baryons including charged resonances, respectively. The energy of pion in the nuclear medium is composed of the isoscalar and isovector contributions as follows
The coefficient C π = ρ 0h 3 /(4f 2 π ) = 36 MeV, and the isospin quantity τ z = 1, 0, and -1 for π − , π 0 and π + , respectively. The isospin asymmetry δ = (ρ n −ρ p )/(ρ n +ρ p ) and the quantity γ π adjusts the isospin splitting of pion optical potential. Usually, we take the γ p = 2 in the model. Here, we have two choices in evaluation of the isoscalar part, the phenomenological ansatz [39] and the ∆-hole model [40] . With the framework of the phenomenological ansatz, the dispersion relation reads
with
The phenomenological medium dependence on the baryon density is introduced via the coefficient x(ρ i ) = exp(−a(ρ i /ρ 0 )) with the parameter a = 0.154 and the saturation density ρ 0 in nuclear matter. Impact of the phenomenological approach on pion dynamics in heavyion collisions has been investigated in Refs [21, 32] . On the other hand, the pion self-energy in the nuclear medium have been studied via the ∆-hole model [40] . The in-medium pion dispersion relation consists of a pion branch (smaller value) and a ∆-hole (larger value) branch, which become softened and hardened with baryon density in nuclear matter, respectively. Thus, the dispersion relation reads
. (18) The probabilities of the pion component satisfy the relation
The value of the probability is determined from the pion self-energy as [31] 
where the pion self-energy is given by
with the Migdal parameter g′ ∼0.6 and
The ω ∆ = m 2 ∆ + p 2 i − m N , the m π , m N and m ∆ are the masses of pion, nucleon and delta, respectively. The πN ∆ coupling constant f ∆ ∼ 2 and the cutoff factor b ∼ 7m π . Two eigenvalues of ω π−like and ω ∆−like are obtained from the pion dispersion relation as
The energy balance in the decay of resonances is satisfied with the relation
where the p R and p π are the momenta of resonances and pions, respectively. The optical potential can be evaluated from the in-medium energy Fig. 1 is the pion energy and optical potential as functions of the pion momentum and baryon density in units of pion mass and saturation density. The attractive potential is obtained with increasing the pion momentum. Isospin splitting of the pion potential appears and the effect is pronounced in the domain of high baryon density, which impacts the charged pion ratios in heavy-ion collisions. Influence of the in-medium effects on the charged pion ratio is also investigated within a thermal model in Ref. [41] . The Hamiltonian of η is composed of
The eta optical potential is evaluated from the dispersion relation based on the chiral perturbation theory [42] as
with a η =h = -94 MeV is obtained with zero momentum and saturation density ρ = ρ 0 . The attractive potential is used in this work as shown in Fig. 2 . Up to now, although it has not consistent conclusions on the depth of the η potential in nucleus. Basically the attractive η-nucleon interaction got to be favored by different models [43] . Even the existence of bound η-nucleus was pointed out [44] .
The kaon and anti-kaon energies in the nuclear medium distinguish isospin effects based on the chiral Lagrangian approach as [45] [46] [47] 
respectively. Here the b K = 3/(8f /m K =0.797 at normal baryon density are concluded with the parameters in isospin symmetric nuclear matter. The effective mass m * = ω(p = 0, ρ = ρ 0 ) is used to evaluate the threshold energy for kaon and antikaon production, e.g., the threshold energy in the pion-baryon collisions Fig. 3 is a comparison of the kaon energy in units of its free mass and the optical potential at the momentum of p=0 as a function of baryon density. In the neutron-rich nuclear matter, an isospin splitting for the pairs (K 0 , K + ) and (K 0 , K − ) is pronounced with the baryon density. The equations of motion include the spatial component of the vector potential, which would lead to an attractive Lorentz force between kaons and nucleons as [48] 
where v i is the velocity of kaons (anti-kaons), and ± for K and K, respectively. The Lorentz force increases with the kaon momentum. However this contradicts the predictions from the theoretical studies which show an opposite momentum dependence [49] . The isospin effect was considered in the vector potential V i [46, 47] . The KN potential and the Lorentz force influence the kaon dynamics in heavy-ion collisions and in proton induced reactions, which lead to a flat structure of direct flows and well reproduce the experimental data [47] . The scattering in two-particle collisions is performed by using a Monte Carlo procedure, in which the probability to be a channel in a collision is calculated by its contribution of the channel cross section to the total cross section. The primary products in nucleon-nucleon (NN) collisions are the resonances of ∆(1232), N * (1440), and N * (1535). We have included the reaction channels as follows:
Here hadron-hadron collisions take place as two-body process and three-body (s−state pion production) reactions. At the considered energies, there are mostly ∆ resonances which disintegrate into a π and a nucleon in the evolutions. The momentum-dependent de- The elastic cross sections of the available experimental data are parameterized in the energy range of 1 MeV -2 TeV for NN collisions [34, 51] , in which the pn (protonneutron) cross sections are about 3 times larger than the pp (proton-proton)/nn (neutron-neutron) cases at the incident energies from 1 MeV to 400 MeV. The in-medium elastic cross section is scaled according to the effective mass through σ . Therefore, the production of η could be probe of the high-density symmetry energy.
The strangeness and vector mesons (ρ, ω) are created in inelastic hadron-hadron collisions without intermediate resonances. We included the channels as follows:
Here the B stands for (N, △, N * ) and Y(Λ, Σ), K(K 0 ,
The parameterized cross sections of each isospin channel BB → BY K [52] are used in the calculation. We take the parametrizations of the channels Bπ → Y K [53] besides the N π → ΛK reaction [54] . The results are close to the experimental data at near threshold energies. The cross section of antikaon production in inelastic hadron-hadron collisions is taken as the same form of the parametrization used in the hadron string dynamics (HSD) calculations [55] . Furthermore, the elastic scattering and strangeness-exchange reaction between strangeness and baryons have been considered through the channels of KB → KB, Y B → Y B and KB → KB and we use the parametrizations in Ref. [56] . The charge-exchange reactions between the KN → KN and Y N → Y N channels are included by using the same cross sections with the elastic scattering, such as [47] . The cross sections for ρ and ω production are taken from the fitting of experimental data [57] .
III. RESULTS AND DISCUSSIONS
Superdense hadronic matter can be formed in highenergy heavy-ion collisions and exists in the compact stars, such as neutron stars. The hadron-hadron interaction in the superdense matter is complicated and varying with the baryon density. The hadron-nucleon potential impacts the ingredients of hadrons in the compact stars. In nuclear reactions, i.e., heavy-ion collisions, antiproton (proton) induced reactions etc, the production and phase-space distribution of particles were modified in nuclear medium [47] . The isospin dependence of the potential and the corrections on threshold energies influence the ratios of isospin particles. Consequently, the extraction of high-density symmetry energy is to be moved from particle production. On the other hand, the yields of particles and bound fragments such as hypernuclides, kaonic nucleus, antiprotonic nucleus is related to the potential of particles in nuclear medium.
Pion as the lightest meson could be easily produced in heavy-ion collisions and attracts much attention both in theories and in experiments. Besides as probing the high-density symmetry energy, the pion-nucleon potential in dense matter is not well understood up to now. In this work, we thoroughly investigated the pion dynamics in heavy-ion collisions, in particular in the domain of near threshold energies (E th =280 MeV for π 0 ). Impacts of the isospin and momentum dependent pion potential and the stiffness of symmetry energy on the pion production are stressed. Shown in Fig. 4 is a comparison of total pion and ratio of charged pion produced in central 197 Au+ 197 Au collisions with the experimental data from FOPI collaboration [28] . It is obvious that the total number of pions is reduced with inclusion of the pion-nucleon potential. However, the π − /π + ratio is enhanced, in particular with the phenomenological approach for the isoscalar part of the pion energy in medium. The decrease of the pion yields is caused from the attractive interaction between pions and nucleons, which enhances the absorption collisions of pions and nucleons via the channels πN → ∆(1232) and ∆(1232)N → N N . The effect increases with the pion momentum and baryon density. The isospin related pion-nucleon potential, i.e., more attractive interaction for the π + N potential, leads to the increase of the π − /π + ratio. Precise structure of the charged pion ratio can be observed from the transverse momentum distribution as shown in Fig. 5 . Similar trends for free pion transportation (only including Coulomb interaction) and the ∆-hole model are found. A flat structure is concluded with the phenomenological approach. However, the effect of symmetry energy from the transverse momentum spectra is negligible for the different πN potentials.
To eliminate the Coulomb interaction of charged particles, neutral particles produced in heavy-ion collisions could be nice probes in extracting the in-medium potential. Usually, the neutral particles are reconstructed via the decays in experimentally, e.g., π 0 → 2γ. Shown in Fig. 6 is the π 0 production in 197 Au+ 197 Au collisions at the incident energy of 300 MeV/nucleon with different πN potentials, in which only the isoscalar part of the πN interaction contributes the pion dynamics. It is obvious that the number of π 0 is reduced from the rapidity and transverse momentum distributions with the πN potentials. The impact of the ηN potential on η dynamics is shown in Fig. 7 . One notices that the production cross sections are reduced in the domain of mid-rapidities and high momenta because of attractive interaction between etas and nucleons in nuclear medium. The attractive optical potential enhances the absorption reactions of particles in nuclear medium, in particular at high baryon densities, i.e., via the channels πN → ∆(1232), ηN → N * (1535). Shown in Fig. 8 is the phase-space distribution of η production in central 197 Au+ 197 Au collisions at incident energy of 600 MeV/nucleon with different stiffness of symmetry energy. The effect of the ηN potential is similar to the 40 Ca+ 40 Ca reaction shown in Fig. 7 . However, the difference of hard and soft symmetry energies at high-baryon densities is negligible in the spectra. It is concluded that constraining the symmetry energy from the transverse momentum or kinetic energy spectrum is not possible, but more sensitive to the ηN potential.
A systematic comparison of the in-medium corrections on neutral particle distributions in phase space is shown in Fig. 9 . The mean-field potentials of particles in nuclear medium contribute the dynamical evolutions. Consequently, the KN potential reduces the kaon production at midrapidities and at high transverse momenta. However, an opposite contribution of the ηN potential is obtained because of the attractive interaction of eta and nucleon in nuclear medium. The hyperon-nucleon interaction is negligible for Λ dynamics. Shown in Fig. 10 is the inclusive spectra of π 0 , η, K 0 , K 0 and neutral hyperons (Λ+Σ 0 ) in 197 Au+ 197 Au collisions. Similar to the transverse momentum spectra, the eta-nucleon, kaonnucleon and hyperon-nucleon potentials weakly impact the particle emission. However, the interaction of pions (antikaons) and nucleons contributes the pion (antikaon) dynamics, i.e., increasing the antikaon production at low kinetic energies.
The in-medium effects of strange particles have been investigated from the K − /K + spectrum in heavy-ion collisions and in proton induced reactions both in experiments [58] [59] [60] and in theories [5] [6] [7] [8] 47] . A deeply attractive K − N potential being the value of -110±15 MeV was obtained at saturation density and weakly repulsive K + N potential has been concluded to be 25±10 MeV from heavy-ion collisions. Shown in Fig. 11 with p t being the transverse momentum and the mass of kaon (antikaon) m 0 ). The reduction of the threshold energies increases the production cross sections of antikaons. Furthermore, the KN potential enhances the low-momentum (kinetic energy) K − production. The K − /K + ratio could be sensitive observable to extract the in-medium potentials. More information of the inmedium effects is also investigated from the total multiplicity of particles produced in central 40 Ca+ 40 Ca collisions as shown in Fig. 12 . It has been shown that the mean-field potentials of particles in nuclear medium have significant contributions on the total number of particle production. Specifically, the πN potential increases the collision probabilities of pions and nucleons, which leads to a reduction of pion numbers, in particular near threshold energies. Moreover, the η and strange particles (K 0 , K 0 , Λ, Σ 0 ) are enhanced owing to the π induced reactions, such as πN → N * (1535), πN → KY and πN → N KK. The available data from FOPI collaboration for pions [28] and from TAPS collaboration for etas [61] can be well reproduced. It should be mentioned that the inclusion of the KN potential in the model leads to about 30% reduction of the total kaon yields in the subthreshold domain [47] . The competition of the π(η)N and KN potentials results in a bit of increase of kaon production because of the contribution of π(η)N → KY .
The studies of the transverse flows of nucleons, light fragments, pions and strange particles in heavy-ion collisions have been motivated a lot of issues, such as the symmetry energy, in-medium NN cross section, optical potentials of particles in nuclear matter etc [47, 51] . To investigate neutral particles production in the reaction plane and impacts of the optical potentials on particle dynamics, we computed the rapidity distributions of transverse flows for neutral particles (π 0 , η, K 0 and Λ) produced in the peripheral 58 Ni+ 58 Ni collisions (b=7 fm) at the incident energy of 1.93A GeV as shown in Fig.  13 . The attractive ηN potential enlarges the transverse emission of η in comparison to the in-vacuum case in heavy-ion collisions. Similar effect is also found for the Λ production because of weakly attractive interaction between hyperons and nucleons below the baryon densities of 2.5ρ 0 . Almost isotropic emission and a 'clock' rotation for K 0 production take place with the KN potential. The πN potential enhances the absorption of π 0 by surrounding nucleons and even appears the evidence of antiflow 
IV. CONCLUSIONS
The in-medium and isospin effects of pseudoscalar mesons and hyperons produced in heavy-ion collisions near threshold energies have been investigated within an isospin and momentum dependent hadron-transport model (LQMD). The in-medium potentials and corrections on threshold energies on particle production are of importance on particle transportation and distribution at freeze-out in phase space. The isospin related pionnucleon potential reduces the total pion production, but enhances the π − /π + ratio, in particular in the domain of subthreshold energies. The transverse flows, invariant spectra, rapidity and transverse momentum distributions in heavy-ion collisions are promising observables in extracting the in-medium properties of pions in dense nuclear matter. Experiments in the near future such as HIRFL-CSR (Lanzhou), RIKEN-SAMURAI in Japan etc, are expected for extracting the high-density symmetry energy, pion-nucleon potential, in-medium properties of ∆(1232).
The dynamics of etas, kaons, antikaons and hyperons in heavy-ion collisions is influenced by the in-medium potentials, in particular at the high-momentum tails. The transverse flow structure, invariant spectra, transverse mass spectra of K − /K + , rapidity and transverse momentum distributions are related to the mean-field potentials, in particular in the domain of subthreshold energies. The stiffness of symmetry energy weakly impacts the eta distribution in phase space. EdN/(p 2 dp) (GeV ) and with (full symbols) the mean-field potentials, respectively. The available data from FOPI collaboration for pions [28] and from TAPS collaboration for etas [61] are shown by stars. 
